Human alterations of landscapes often lead to colonization of ecosystems by new species, which may alter ecosystem structure and function. Understanding canopy changes is important for management of gradually changing ecosystems. Here, we develop a model that both explains and predicts the rate at which colonizing native Pinus halepensis form an upper forest canopy in native shrublands. We surveyed allometric properties of 602 pine trees, distributed throughout environmental gradients in the Mediterranean region of Israel, where native oak scrublands are being invaded by pines and converting to forests. We developed maximum likelihood models for growth and height of trees in different habitats. Growth fit a log-normal model as a function of height and height fit a power function in relation to age. Precipitation had the strongest impact on both height and shoot growth. The differences in height and growth among trees growing in different soil types and grazing regimes were relatively small, but statistically significant, and could be attributed to direct inhibition or indirect facilitation. In general, pines form an overstory in almost all colonized shrublands, converting them to forests, but the rate of canopy development varies across environmental gradients.
M ost natural ecosystems worldwide are modified to some extent by human activities (Vitousek et al. 1997 , Chapin et al. 2011 . Anthropogenic impacts are responsible for changes in species composition (Chapin et al. 2000, Jackson and Sax 2010) and in the distribution of exotic (Vitousek et al. 1997 , Hobbs et al. 2009 ) and native species (Parmesan and Yohe 2003 , Marzluff, 2005 , Milder et al. 2011 . Consequentially, colonization of ecosystems by new plant species can have large impacts on the structure of the ecosystem (e.g., altering canopy layers through tree invasion or shrub encroachment), functioning of the ecosystem, and the services the ecosystem provides (e.g., Lavorel and Garnier 2002 , Ishii et al. 2004 , Huxman et al. 2005 , Vilà et al. 2011 , Pyšek et al. 2012 . For instance, tree removal from a forest or addition of trees to a shrubland may affect the composition of other organisms in the forest (e.g., bird communities and soil fauna) and have a cascading effect on the entire food chain (Jones et al. 1997 , Van Auken 1997 , Hawlena and Bouskila 2006 , Blaum et al. 2007 ). Thus, understanding structural changes is important for management of human-impacted ecosystems as a whole and forests in particular.
Forests of mixed conifers and broadleaves are widespread and usually form a complex structure of different layers (Pacala et al. 1993, Oliver and Larson 1996) . Pine-oak communities, a common type of mixed conifer-broadleaf forests (Richardson 1998 ) and typical to Mediterranean ecosystems (Blondel and Aronson 1999, Sheffer 2012a) , are characterized by pronounced height differences between the oak and pine layers, thus forming a variety of forest physiognomies. The Mediterranean region of Israel presents a unique opportunity to study early stages in the formation of mixed pine-oak forests.
Land use changes over the past century (decreased grazing, wood-cutting, and agriculture combined with intensive afforestation) has led to the formation of a spatial mosaic of two very different ecosystems in the Israeli Mediterranean landscape: evergreen shrublands and woodlands dominated by native species of oaks (primarily Quercus calliprinos Webb.) and plantations of conifers, primarily a native Mediterranean pine species, Aleppo pine (Pinus halepensis Miller). The juxtaposition of oak and pine communities within the landscape (Figure 1 ) has created opportunities for reciprocal colonization of each ecosystem type by dominant species of the other community. Pine-oak forests are only now starting to develop in this region, as a result of colonization of native oak ecosystems by nonresident pines from plantations, and a reciprocal colonization of oaks within planted forests Sheffer 2011, Sheffer et al. 2013) . Here, we focus on the first stages of the transformation of oak shrublands into pine-oak forests. Although pine-oak forests are common in the Mediterranean Basin (Richardson 1998) and there are some indications for past coexistence of pines and oaks in Israel (Baruch 1986) , the current dynamics of pine encroachment to these shrublands has only started in the last two centuries (Sheffer 2012b ) and these pines are currently young. These natural dynamics are an opportunity to study the processes that determine pine-oak canopy development.
The establishment of an upper pine canopy may alter the functioning of the emerging pine-oak ecosystem through shading (Pausas et al. 2006 , González-Moreno et al. 2011 , increasing competition for soil resources (Bellot et al. 2004, Maestre and Cortina 2004) , changing the structure of the forest floor as a result of pine needle deposition (Ehrenfeld 2003 , Richardson and Van Wilgen 2004 , Ashton et al. 2005 , and altering ecosystem functioning (e.g., water budgets, nutrient cycling and litter decomposition) (Richardson et al. 1990 , Conn and Dighton 2000 , Van Wilgen et al. 2008 . The height of emerging pines directly affects the dispersal patterns of both seeds and needle litter deposition below these trees (Nathan et al. 2000, Gomez-Aparicio and Canham 2008) . Thus, predicting the height of colonists and the rate of change of canopy structure is critical for the assessment of future ecosystem impacts. Although allometric models of silviculturally grown trees (e.g., pines) are abundant, the growth patterns of the same species growing in shrubland ecosystems and outside of the planted forest, may dramatically differ as a result of environmental constraints and interactions with other species in the colonized communities and cannot be predicted using forest yield tables.
Here, we examine the canopy growth dynamics of Aleppo pines established within natural Mediterranean shrublands, as an important component for management of gradually changing pine-oak forests. Our objective was to evaluate the time scale and rate at which pines will become established as a canopy-dominant component of the shrubland ecosystem and form a new upper strata above the oak-shrub layers. We hypothesized that the large variability in environmental conditions of the colonized shrublands will affect the rate of growth of the pines at early stages of colonization and the stage at which pine canopies will emerge above the oak layer. Specifically, we hypothesized that pine canopy development will be controlled by interactions with the soil type, the resident vegetation typical for each type of soil in these shrublands, and the impacts of grazing animals. Furthermore, we hypothesized that precipitation would have a positive effect on the rate of pine canopy development. We developed maximum likelihood models that quantify the growth (annual shoot elongation) and height of pine colonists and used these models to predict the dynamics of the pine strata of the emerging mixed pine-oak forests in different habitats.
Methods

Study System
The study was conducted in a highly heterogeneous landscape mosaic of the Mediterranean region of Israel. The landscape mosaic is mainly composed of two distinct vegetation types: planted forests (primarily Aleppo pine) and communities of sclerophyllous Mediterranean shrubs and trees, with different degrees of cover, height, and densities, which are dominated by Q. calliprinos (Perevolotsky and Sheffer 2011) . We refer to the latter complexes as shrublands. High variability within these shrublands is due to differences in abiotic conditions, mainly precipitation and soil type, and biotic conditions, mainly the type and intensity of grazing. As a consequence of landscape proximity of pine stands and natural shrublands, Aleppo pine is beginning to colonize oak shrublands where it was not originally planted (Lavi et al. 2005 , Osem et al. 2011 ) and forming mixed pine-oak forests (Sheffer 2012a) .
Study Species
Aleppo pine is characterized by a suite of traits that make it a successful colonizer and a strong invader, including early onset of seed production, large crops of wind-dispersed seeds, high germination and establishment rates, and rapid growth (Nathan et al. 2000 , Ne'eman and Trabaud 2000 , Richardson 1998 . Furthermore, Aleppo pine has been widely used in plantations in dry, semiarid areas because of its drought tolerance Cohen 1998, Atzmon et al. 2004 ) and rapid growth even under stressful environmental conditions (Rouget et al. 2001, Maestre and Cortina 2004) . For example, yield tables for Aleppo pine forest in Israel predict that 50-year-old pines will range from 10 to 28 m tall, depending on site quality (Roehle 1991) .
The branch whorls or branch nodes along the main stem of Aleppo pines can be used as an approximate measure of tree age, even though the species is polycyclic, i.e., produces one to several growth flushes per growing season (Trabaud et al. 1985) . Girard et al. (2011) showed that the probability of producing more than a single growth flush per year decreases as mean precipitation declines and temperatures increase. Most of our study sites are at the warmer and drier end of the range of Mediterranean conditions compared with the region where Girard et al. (2011) worked, which had higher precipitation (690 mm year Ϫ1 ) and a much shorter summer drought period. Thus, we assume that monocyclic growth would be the typical pattern in our region.
Field Survey
We measured pine colonization and allometric characteristics of colonizing Aleppo pines in 470 plots (8-m radius, 200 m 2 ) distributed throughout 94 sites in the Mediterranean region of Israel (Figure 1) . At each site, five plots were surveyed along a transect with a minimum of 50 m between plots to assure independence. Site selection was designed to stratify the sampling effort for the full range of habitat condition factors that were tested: (1) precipitation gradient (400 -900 mm year Ϫ1 ); (2) woody vegetation cover (all types of shrub to tree covers and densities); (3) rock-soil formation (dolomite and limestone based Red-Brown "Terra-Rosa" soils, i.e., Rhodoxeralf or Haploxeroll [US Department of Agriculture] or Luvisol [Food and Agriculture Organization] versus chalk-and marl-based Rendzina soils, Haploxeroll, or Xerothent [US Department of Agriculture]); and (4) grazing presence/absence and grazer type. We focused on this set of factors representing the typical range of natural heterogeneous conditions in Mediterranean shrublands and avoided areas where exogenous factors (management, planting, thinning, and fire) might have recently altered pine growth. As a result, these study sites represented all the densities of pine colonization that can be found in the region, ranging from no pine colonization, through young and sparse colonization, to the most developed stages of pine colonization found in these landscapes outside of the planted forests.
In each plot, we measured the dimensions of all colonizing Aleppo pines Ͼ0.5 m tall and recorded habitat conditions. Pine dimensions included tree height (measured with a 20-m ruler or a clinometer for taller trees), trunk diameter at 1.3-m height (dbh) and at ground level (basal diameter, for trees Ͻ1.3 m), number of branch whorls along the tree main stem, and the length of the stem segments between the two uppermost whorls (as a measure of height increment in the last year).
We measured woody vegetation cover along a 16-m transect crossing the plot in a random direction. Rock and soil type data were obtained from Israeli geographic information systems (GIS) survey soil and lithology layers (Ministry of Agriculture of Israel). Average annual precipitation data were obtained from the Israeli Meteorological Service, using an interpolation model based on annual precipitation data from 1961 to 1990 (Halfon et al. 2009 ). The grazing regime in the area was estimated in each plot according to indicators of current grazing by cattle, goat, or sheep (fencing, browsing signs on the plants, animal excrement, and soil trampling) and was verified with information from local managers.
Maximum Likelihood Analyses of Pine Growth
We used maximum likelihood methods to predict annual tree growth and tree height in each plot. This approach is a flexible form of statistical modeling that searches for the best scientific model and the maximum likelihood estimated set of parameters for that model given a large empirical data set. We searched for the most parsimonious model for both tree growth and height. Stem height growth, measured as tree height increment in the previous year (i.e., the length of the stem segment between the second and first whorl from the top of the tree), was modeled as a function of tree height and habitat conditions (soil type, precipitation, grazing regime, and woody vegetation cover). Total tree height was modeled as a function of tree age (number of whorls) and habitat conditions.
We compared simple models in which mean growth varied as a function of habitat conditions, with negative exponential, power, and log-normal functional forms to model growth as a function of total pine height (to the second uppermost whorl) (Figure 2A and B). Log-normal models were the most parsimonious functional form to describe the growth to height relationship (⌬AICc Ͼ70 compared with any other functional form), so they were used for further analysis. Log-normal models take the form
where Elongation 0jk is the intercept (constant annual increment regardless of tree height and habitat), m jk determines the peak of the curve above the intercept, a jk is tree height for which growth is maximal, and b jk is the variance of the function. We searched for different values of Elongation 0 , m, a, and b parameter estimates for the combinations of the effects of the jth soil type and the kth grazing intensity (i.e., j ϫ k different estimated parameters for each). Soil type included two categories: Terra-Rosa versus Rendzina soil. For the analysis of the grazing impact we used four grazing categories (no grazing, low-intensity sheep or cattle grazing, cattle grazing, and goat grazing) or a simplified model with only two categories: goat grazing versus not grazed by goats (lumping the former three categories together). Thus, we searched for two to eight different estimated values for each parameter. Finally, the log-normal growth curve is then scaled by a Gaussian function (f) that describes the effect of precipitation
Log-normal models were further compared with or without the intercept and including and excluding the effects of habitat conditions on model parameters. We compared models including different combinations of the biotic and abiotic habitat conditions. We also tested the effect of woody vegetation cover using linear and Gaussian functions. For the model of pine height as a function of age, we compared different functional forms, including linear, exponential and power models, as well as a simple model in the which mean pine height varies as a function of habitat conditions and not as a function of tree age ( Figure 2C and D) . The most parsimonious model (⌬AICc Ͼ 17 compared to the next best functional form) was a power model of the form
with a jk and b jk parameters that determine the shape of the curve. We tested the effect of different combinations of biotic and abiotic habitat conditions on the height models. The effects of the jth soil type (two categories) and kth grazing regime (same as above: four or two categories) were included as different a jk and b jk parameter estimates. The effects of precipitation and woody vegetation cover on pine height were tested using linear and Gaussian functions.
Parameter Estimation and Model Comparison
We solved for the maximum likelihood parameter values using simulated annealing (Goffe et al. 1994) , a global optimization procedure implemented in the "likelihood 1.3" package in R (R Development Core Team 2008). The error terms () for the height and elongation data were modeled using a normal distribution. We compared alternative models on the basis of the Akaike information criterion corrected for a small sample size (AICc) (Johnson and Omland 2004, Burnham and Anderson 2002) . The absolute magnitude of the differences in AICc between alternate models provides an objective measure of the strength of empirical support for the competing models (Burnham and Anderson 2002) , where the model with the lowest AICc is considered to have larger empirical support. We used asymptotic two-unit support intervals (Edwards 1992) to assess the strength of evidence for individual maximum likelihood parameter estimates and used R 2 to assess overall goodness of fit of the models.
Results
We surveyed 602 Aleppo pines that colonized 186 oak ecosystem plots throughout the Mediterranean region of Israel. Pine colonists were mostly 0.5-2 m tall (2.8 Ϯ 2.7 m [mean Ϯ SD]; range, 0.5-15 m) ( Figure 3A) . Most of the colonists were younger than 20 years, with 5-20 whorls (18.1 Ϯ 12.0 years, range, 2-64 years) ( Figure  3B ). Densities of these pines, when present, were typically low (170 Ϯ 225 ha Ϫ1 ; range, 50 -1,800 ha Ϫ1 ). Our data set included 245 reproductive trees (40%), most of them older than 20 years (28 Ϯ 11 years), whereas nonreproductive trees were 1-29 years old (11 Ϯ 5.5 years). The height of pine colonists was linearly correlated with trunk dbh (R 2 ϭ 0.78, P Ͻ 0.001) ( Figure 3C ) and with trunk basal diameter (R 2 ϭ 0.77, P Ͻ 0.001) ( Figure 3D ).
Shoot Growth
Shoot annual growth varied as a function of tree height and habitat conditions. The most parsimonious model indicated that height growth followed a log-normal function increasing in short trees and decreasing as trees are taller (AICc ϭ 4,116.361, 16 parameters, slope ϭ 1, and R 2 ϭ 0.193) (Figures 2A, B , and 4A). The relatively low R 2 of this model probably reflects the large variability in the patterns of pine growth across the entire study region. The relationship between shoot growth and tree height changed according to soil type and grazing regime ( Figure 4A ; Table 1 ). The effects of both soil type and grazing significantly improved the fit of our models (⌬AICc ϭ 7.2 and ⌬AICc ϭ 6.2 for a comparison of the best model to a model without the effect of soil or grazing, respectively). Model predictions indicate that the elongation of young trees (Ͻ6 m) in Rendzina soil was higher under goat grazing, whereas no or low grazing pressure by sheep and cattle reduced shoot growth by half and slightly delayed it. However, as trees increased in height (Ͼ6 m), growth patterns reversed and low grazing resulted in the highest growth rates. In Terra-Rosa soil we found that no grazing; sheep and cattle grazing resulted in greater height growth compared with growth in Rendzina soil under similar grazing. In Terra-Rosa soil with intense cattle or goat grazing, the initial growth of pines was higher than in all other conditions; however, we did not find any significant pattern of change in the growth rate with height (no m, a, and b parameters for this category). The low fit of the model for the effect of Terra-Rosa soil with goat grazing was probably due to the relatively small proportion of these samples (9%) in our data set. Another main constraint that should be taken into consideration in the interpretation of this model is the height range at which the predictions can be applied. Because most of the trees in our data set are shorter than 5 m ( Figure 3A) , these model predictions are most appropriate for relatively young trees.
Pine shoot growth was strongly affected by rainfall (⌬AICc ϭ 17.9 for a comparison of the best model to the same model without the effect of rainfall) ( Figure 4B ). The greatest shoot growth occurred in habitats with an average rainfall of 660 Ϯ 165 mm/year, whereas in habitats with less than 450 mm annual rainfall, elongation was less than half compared with that for the most favorable sites. We did not find evidence for significant effects of woody vegetation cover, type of vegetation cover (e.g., dwarf shrubland versus tall shrubs and trees), or type of patch (microhabitat) in which the tree grew (soil, rock crevice, or shrub) on pine shoot growth.
Height of Pine Colonists
We found a change in the height-age relationship during tree development, which follows the annual growth patterns ( Figure 5A ) and supports the use of a power model ( Figure 2C and D) . Pine height increased as a power function of tree age (the most parsimonious model, ⌬AICc Ͼ5, compared with other power models, AICc ϭ 7245.72, 19 parameters, slope ϭ 0.99, R 2 ϭ 0.876) ( Figure  5A ), and the relationship differed according to soil type, grazing regime and precipitation ( Table 2 ). The effects of both soil type and grazing significantly improved the fit of our models, but the effect of grazing regime was much stronger (⌬AICc ϭ 9.8 and ⌬AICc ϭ 62.4 for a comparison of the best model with a model without the effect of soil or grazing, respectively). Predicted differences in height among soil type and grazing conditions varied by few meters for 25-year-old trees growing in habitats with the slowest and fastest growth. Height of pines younger than 25 years can be categorized into three groups according to soil type and grazing conditions: tall trees in Rendzina soil without grazing or with low intensity sheepcattle grazing; short trees found in Rendzina soil with intense cattle grazing; and trees of intermediate height found in all other soil and grazing conditions ( Figure 5A ). Pine height was also affected by rainfall (⌬AICc ϭ 17.2 for a comparison of the best model with a model without the effect of rainfall), with a Gaussian relationship for the relative effect. Pine height was maximal in sites receiving annual rainfall of 725 Ϯ 382 mm, whereas pines growing in habitats with less than 450 mm of yearly rainfall were, on average, half the size of pine colonists growing in more rainy conditions ( Figure 5B) . We compared models that included measures of woody vegetation height in two alternative ways: including a categorical type of vegetation cover (e.g., tall, intermediate, and low shrubland) as a surrogate for woody vegetation height; or analyzing the effect of tree cover along a line transect across the plot as a measure of tall woody vegetation (results not shown). Model comparisons, however, showed that including the effect of woody vegetation cover or height did not improve the height-age model (⌬AICc ϭ 6 with the inclusion of woody vegetation).
To predict the stage at which Aleppo pine trees will emerge above the oak canopy layer, we projected pine growth up to the age of 40 years. Predictions of the height to age growth model indicate that colonizing pines will grow to about 2 m height within 10 -15 years and will exceed the height of the oak canopy (usually ranging from 3 to 6 m) (Zohary 1973 , Shmida 1981 ) within 20 -30 years, depending on habitat conditions ( Figure 5A and B) . Model prediction for older trees, e.g., 30 -50 years old, show a reversal in order of tree height: tallest trees are found in Terra-Rosa and Rendzina with goat grazing, as well as in Terra-Rosa with low sheep or cattle grazing; Table 1 for the estimated parameters of the corresponding model functions. Soil type and grazing regime combinations are the following: (1) Rendzina soil with no grazing, sheep or cattle grazing (R-NSC); (2) Rendzina soil with goat grazing (R-G); (3) Terra-Rosa soil with no grazing, sheep grazing, or cattle grazing (T-NSC); and (4) Terra-Rosa soil with goat grazing (T-G). MLE, maximum likelihood parameter estimate; SI, support interval.
shortest trees are found in Rendzina with cattle grazing; and medium height trees occur in Rendzina and Terra-Rosa soils without grazing, Rendzina with low-intensity grazing, and Terra-Rosa with medium-intensity grazing. Nevertheless, our results suggest that colonizing pines will eventually form an overstory layer in almost all colonized shrublands and transform them into forests.
Discussion
Growth Patterns of Pine Colonists
This study presents for the first time data on canopy development patterns of native Aleppo pines invading natural vegetation communities outside planted forests. Maximum likelihood models, using a large data set distributed throughout the entire region where pine colonization occurs, identified the general patterns that determine the rates of formation of an upper pine canopy stratum above local Mediterranean shrublands. Our results show that canopy development of Aleppo pine colonists of oak shrublands is four to five times slower than the growth of Aleppo pines in monoculture evenaged stands, as predicted by yield tables (Roehle 1991) .
We hypothesize that abiotic conditions (soil type and rainfall) and interactions of pine saplings with other plants in the shrublands explain their growth patterns. The initial fast growth of Aleppo pines is probably related to their shade intolerance (Zavala et al. 2000) , which may explain why tree elongation increases at early growth stages, as young trees grow through the oak shading strata toward the light (Sterck et al. 2003 , Poorter et al. 2006 . Shoot growth then decreases once trees achieve canopy dominance (above 3.5-6 m), which also coincides with maturation (25-30 years old) (Tapias et al. 2001) . Tree allocation to reproduction is in many cases associated with a decrease in allocation to growth (Ryan and Yoder 1997, Koch et al. 2004 ). Thus, our findings indicate that the shrubland layers enhanced the elongation of pine saplings at early stages.
Based on our models, we predict that Aleppo pine trees will emerge above the shrubland canopy within 20 -30 years wherever pines successfully establish, but environmental controls will determine the rate of development by limiting or facilitating growth (Pacala et al. 1994) . Our findings suggest that the rate of pine canopy overtopping the oak shrub layer will be significantly hindered by water conditions (Zavala et al. 2011 ). Our models also show an impact of soil type and grazing regime on pine growth, e.g., greater growth and tree height on Rendzina versus Terra-Rosa with goat grazing, and a negative effect of cattle, which we assume to be related to both direct and indirect effects (Rooney and Waller Table 2 for the estimated parameters of the corresponding model functions. 2003). Direct effects may include reduced height due to strong cattle browsing on the pine saplings themselves (Adams 1975, Skarpe and Hester 2008) ; indirect effects may occur when soil and grazing conditions (e.g., low to moderate cattle and sheep grazing in Terra-Rosa soil or strong goat browsing in Rendzina soil) determine the strength of the competition exerted by the rest of the vegetation (e.g., herbaceous or woody vegetation, respectively) (Callaway and Lawrencer 1997, Holmgren et al. 1997 ) on pine sapling growth (Sadanandan Nambiar and Sands 1993 , Zamora et al. 2001 , Zavala et al. 2011 ). Facilitation and limitation by grazing appear to be most important for small saplings, whereas height differences diminished with time and became negligible in trees taller than 3 m, when pines are released from direct browsing and overcome most competing vegetation.
Predicting and Managing Forest Ecosystem Transformation
The emergence of a new pine canopy stratum above the lower oak layers and the resulting canopy transformation may have a number of ecological implications. Voluminous literature on pine invasions has shown that the addition of pines may have dramatic impacts on the colonized systems (Vilà et al. 2011 , Pyšek et al. 2012 ; invasion may alter habitat conditions for both plant and animal species and thus change species composition (Gordon 1998 , Belnap et al. 2005 . Pine canopies will also affect the functioning of the ecosystems as a result of their litter deposition (Conn and Dighton 2000) , shading (González-Moreno et al. 2011 ) and interception of wind and rainfall (Van Wilgen et al. 2008) . In turn, the new microclimate conditions and water availability may change litter decomposition and mineral cycling processes in these ecosystems (Hätten-schwiler et al. 2005) . The spatial extent of these effects will depend on the height of pine colonists, as well as on their densities as an outcome of colonization dynamics. Further research is necessary to understand how ecosystem processes will change in the emerging mixed pine-oak forest and whether there are critical pine densities and heights at which the processes by which pines alter ecosystem function become significant.
Distinguishing how forest structural changes are affected by environmental conditions can have significant implications for the ecology of these systems as well as their management. Tools for predicting ecosystem transformation by compositional and structural changes are critical for management at various spatial scales (e.g., Shugart and West 1981 , Johnsen et al. 2001 , Fontes et al. 2010 . We have shown how quantitative likelihood models can be used to explain growth limitation and control by biotic and abiotic factors. These models can be used to predict the conditions that allow forest development. Predicting how habitat conditions promote or delay canopy transformation can be a useful practice for management of emerging forest ecosystems in heterogeneous human-impacted landscapes.
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